There is only limited morphologic information on long-term alterations and neurotransmitter changes after perinatal asphyxia, and no long-term study showing neurodegeneration has been reported so far. We used an animal model for perinatal asphyxia well documented in the rat to investigate the guinea pig as a species highly mature at birth. Cesarean section was performed on full-term pregnant guinea pigs, and pups, still in membranes, were placed into a water bath at 37°C for asphyxia periods from 2 to 4 min. Thereafter pups were given to surrogate mothers and examined at 3 mo of age. We studied brain areas reported to be hypoxia-sensitive. Neurodegeneration was evaluated by fluorojade, neuronal loss by Nissl, reactive gliosis by glial fibrillary acidic protein staining, and differentiation by neuroendocrinespecific protein C immunoreactivity. We tested tyrosine hydroxylase, the vesicular monoamine transporter, and dopamine ␤-hydroxylase, representing the monoaminergic system; the vesicular acetylcholine transporter; and the excitatory amino acid carrier 1. Neurodegeneration was evident in cerebellum, hippocampal area CA1, and hypothalamus, and neuronal loss could be observed in cerebellum and hypothalamus; gliosis was observed in cerebellum, hippocampus, hypothalamus, and parietal cortex; dedifferentiation was found in hypothalamus and striatum; and monoaminergic, cholinergic, and amino acidergic deficits were shown in several brain regions. The major finding of the present study was that neurodegeneration and dedifferentiation evolved in the guinea pig, a species highly mature at birth. The relevance of this contribution is that a simple animal model of perinatal asphyxia resembling the clinical situation of intrauterine hypoxia-ischemia and presenting with neurodegeneration was characterized. PA continues to be a major cause of neurologic injury in the newborn, leading to reversible and irreversible brain damage ranging from minimal brain dysfunction to death (1-3). After a hypoxic-ischemic insult certain neuron subpopulations are known to die whereas others survive (4 -6). This phenomenon, referred to as selective vulnerability, occurs in adult and neonatal brain. Neurons in the hippocampus, cerebellum, striatum, thalamus, and neocortex have been identified to be vulnerable to hypoxic-ischemic insults.
vMAT, DBH, TH, EAAC1, a neuronal subtype of the glutamate transporter, and vAChT using immunohistochemistry on brain sections of guinea pigs with graded PA. PA-related changes of the monoaminergic system have been reported by several groups, and the sensitivity of this system to asphyctic damage was emphasized in man and in animal models (8 -10) , mainly revealing short-and long-term dopaminergic and TH deficits (11) (12) (13) (14) . With the exception of recent studies on the effect of nicotine on the pathophysiology of PA, indicating an interaction between the cholinergic and the monoaminergic neurons (10) , the only systematic study on cholinergic neurons after PA was reported by Burke et al. (15) : in a quantitative morphologic analysis the authors described a 23% decrease of cholinergic neurons at the age of 4 wk and a long-lasting cholinergic deficit in the striatum. Information on the role of excitatory amino acids in PA is limited, and only few groups have been stressing the problem of glutamatergic functions (16 -24) .
The aim of the present study was to characterize neurodegeneration, gliosis, neuronal loss, and differentiation, as well as alterations within functional systems, as characterized by specific neurotransmitter immunoreactivity in a model of PA in an animal mature at birth.
METHODS

Experimental Design
PA was induced in pups delivered by cesarean section from pregnant guinea pigs (D.H. Him, Dunkin-Hartley, Institute for Animal Breeding, Himberg, Austria; primiparous, 105-115 g body weight). As duration of pregnancy considerably varies in guinea pigs-dependent on the number of pups-the day of cesarean section was fixed after palpation of the symphysis, which develops a gap more than 1 cm a few hours before parturition by relaxation of the pubic ligaments. The day of cesarean section was fixed by the same experimenter in all animals to avoid subjective bias. Animals were then killed by decapitation and hysterectomized. The uterine horns, still containing the fetuses, were extirpated, and pups used as controls were taken out of their membranes, dried, and kept in a hood; pups for the induction of PA were placed in a water bath at 37°C for various periods of 2, 3, 4, or 5 min. Exposure to 5 min of asphyxia was not compatible with survival. After the asphyctic period the uterine horns were rapidly opened and the pups removed. Pups were cleaned, the umbilical cord was ligated, and the animals were mildly resuscitated and stimulated and allowed to recover in an incubator at 37°C. Then pups were given to foster mothers and were well accepted. Only litters with pups with a body weight of more than 60 g at the time of delivery were used in the experiments (25, 26) . Foster mothers and pups were kept in Makrolon type IV cages (1800 cm 2 ) and weaned at the age of 14 d. Animal studies were performed according to the rules of the American Physiology Society and following local ethical law. For all examinations performed at 3 mo of age, 10 animals per group (normoxic and 2, 3, and 4 min of asphyxia) were used. The experimenter was blinded in the experiments and tests.
In parallel experiments brain lactate and brain pH were evaluated in six animals of each group 10 min after delivery to allow resuscitation and thus survival and at 3 mo after the induction of PA using methods published previously (27, 28) . Although animals showed gradual increase of brain lactate and decrease of pH shortly after delivery (Table 1) , animals at 3 mo did not show any differences among groups (data not shown).
Histologic Examinations
Animals used for histologic studies at the age of 3 mo were anesthetized (Membumal, 50 mg/kg body weight, i.p.) and perfused transcardially with 30 -50 mL of 0.1 M PBS, pH 7.4, containing 4% paraformaldehyde. Approximately 50 -60 min after perfusion the brain was removed from the skull, postfixed in the same solution for 12-18 h, and then kept in PBS containing 20% sucrose at 4°C, pending sectioning. Paraffin embedding, preparation of 20-m sections, and dewaxing by xylene are described elsewhere (29) .
FJ staining. We used the method described by Schmued and Bowyer (7) for paraffin-embedded material. Paraffin-embedded brains were sectioned at 10 m, mounted on glass slides, dewaxed, and rehydrated through graded alcohols. A 15-min pretreatment with 0.06% potassium permanganate solution was followed by a brief rinse in distilled water, a 60-min incubation in 0.001% FJ in 0.1% acetic acid, and three 1-min rinses in distilled water. The sections were then air-dried on a slide warmer, cleared in xylene, and coverslipped with p-xylenebis(N-pyridinium bromide) nonfluorescent plastic mounting media. Potassium permanganate was obtained from Aldrich Chemical Co. (Kindler Ltd, Freiburg, Germany), FJ from Histo-Chem (Jefferson, AR, U.S.A.), and p-xylene-bis(Npyridinium bromide) from Fluka (Buchs, Switzerland). The tissue was analyzed and photographed using a Leica epifluorescence microscope with a FITC filter cube (blue light excitation). Degeneration of neuronal perikarya and fibers was recognized by their brighter fluorescence. Typically the FJ signal appeared homogeneous over the perikarya indicating a loss of subcellular internal microstructure. The number of stained cells in a given area was evaluated.
Nissl staining. Sections were dewaxed in three changes of xylene, followed by three changes of 96% ethanol for 5 min each. Then slides were incubated in 0.1% Luxol fast blue overnight at 60°C, rinsed briefly in 96% ethanol, and differentiated in 0.05% lithium carbonate. For the staining of cell nuclei and cytoplasmic ribosomal RNA (Nissl substance), we used cresyl fast violet (0.1% wt/vol, pH adjusted to 3.9 with acetic acid; Fluka) for 3 min, followed by two changes of 524 distilled water and two rinses in 96% ethanol and differentiation in dried ethanol for 6 min. After incubation in xylene, slides were mounted with a coverslip in Eukitt.
Immunohistochemical Examinations
Paraffin sections mounted on silanized glass slides were dewaxed in three changes of xylene for 15 min each, rehydrated by decreasing concentrations of ethanol, and briefly rinsed in distilled water and in PBS, pH 7.4, twice. For antigen retrieval the sections were incubated in 2 mM EDTA in PBS, pH 8.0, at 95°C for 60 min, strictly avoiding any bubbling as a result of cooking. Then the slides were allowed to cool down, washed in PBS, and preincubated with blocking solution (5% BSA, 0,3% Tween-20, and 0.3% Triton-X in PBS). The sections were incubated with the first antibody at 40°C for 16 h. We used immunoglobulins diluted in blocking solution against GFAP (Dako, Glostrup, Denmark), diluted 1:500; vMAT (Chemicon, Temecula, CA, U.S.A.), diluted 1:600; TH (Chemicon), diluted 1:400; EAAC1 (Chemicon), diluted 1:500; vAChT (Chemicon), diluted 1:1000; and DBH (Affinity Research, Mamhead, U.K.), diluted 1:200. After three washings in PBS the following incubations to detect immunoglobulins were performed with an automated immunostainer (Labvision Autostainer, Fremont, CA, U.S.A.) using speciesspecific biotinylated secondary antibodies.
The color reaction consisted of incubation with 3,3-diaminobenzidine (DAB) and hydrogen peroxidase to obtain a brown precipitate. Diluted hematoxylin was applied for 2 min to obtain a light counterstaining of cell nuclei, followed by dehydration in ethanol series and coverslipping with Eukitt. Photomicrographs were taken on a Nikon Optiphot using a Nikon Coolpix digital camera (Nikon Instruments Europe B.V., Badhoevedorp, The Netherlands). Antibodies against vACHT, DBH, and EAAC1 preferably stained neuronal perikarya whereas vMAT and TH predominantly stained fibers.
Morphometry
Sample selection and morphometric analysis basically followed the principle of Burck (30) , and quantification of the immunohistochemical signal was carried out with a computer system (Lucia V.3.52a; Laboratory Imaging, Prague, Czech Republic) measuring optical density as either number of stained cells or stained area per field of interest. Brains investigated in this study were histologically screened before analysis. Regions known to be hypoxia-sensitive in man and rat (23, 24, 29, (31) (32) (33) have been selected.
Brain regions were identified following the nomenclature of Roessner (34) . Areas for the micrograph of each specific region were selected at low magnification to avoid biased selection (randomized within the brain region). Then micrographs were taken at higher magnification to cover a representative field size of the area and to enable positive identification of structures within the field. Depending on the specific staining density of cells, fibers or perikarya were determined for each investigated area in all brains. Density of degenerating neurons stained by FJ was determined in a randomly selected field of 80,000 m 2 in all regions except striatum, in which we used a field size of 40,000 m 2 as overall cell density was increased. Neuronal density based on Nissl staining was determined along neuronal layers in fields of the following size: cerebellum, Purkinje cell density along 290 m; CA1 pyramidal layer along 570 m; hypothalamic nucleus ventromedialis within 160,000 m 2 ; striatum (globus pallidus) and parietal cortex within 46,500 m 2 . GFAP-expressing astrocytes were determined in a field of 9,640 m 2 for cerebellum, 22,400 m 2 for CA1 and hypothalamus, 17,800 m 2 for striatum, and
. TH immunoreactivity was determined as fibers per field counting 52,700 m 2 per brain region as shown in Table 1 . EAAC1 and vAChT antibody stained perikarya in fields of 39,000 m 2 in the same regions as counted for DBH. NSP-C antibodies stained preferentially perikarya of Purkinje cells, which were analyzed under the same conditions as DBH.
Statistical Calculations
Means and SD were calculated. For the comparison of groups, morphometric data were calculated using ANOVA with a subsequent Kruskal-Wallis test.
RESULTS
FJ staining. FJ-stained cells representing degenerating neurons were significantly increased in the cerebellum in the 3-and 4-min asphyctic group, and in the CA1 region of the hippocampus and in the nucleus ventromedialis of the hypothalamus in all asphyctic groups. In the parietal cortex FJ staining was increased at 2 and 3 min. Results are given in Table 2 , and an example is shown in Figure 1 .
Nissl staining. Neuronal loss could be observed in the cerebellum in the 3-and 4-min asphyctic groups, in the hypothalamic nucleus ventromedialis in all asphyctic groups, and in the striatum in the 2-and 3-min asphyctic groups. Results are given in Table 2 , and a representative sample is shown in Figure 1 .
GFAP staining. A significant increase of GFAP staining could be found in the cerebellum and CA1 in all asphyctic groups, in the hypothalamus and cortex in the 3-min asphyctic animals, and in the striatum in the 2-min asphyctic group only. Results are given in Table 2 .
NSP-C. NSP-C-immunoreactive cells were significantly decreased in the nucleus ventromedialis of the hypothalamus and 525 NEURODEGENERATION IN PERINATAL ASPHYXIA in the striatum after 3 min of PA. Results are shown in Table  2 .
Neurotransmitters. vMAT was decreased in the cerebellum and the striatum of all asphyctic groups (Table 2 , and a representative staining pattern is shown in Fig. 2) , and DBH showed a decrease in the cerebellum and the hippocampus CA1 in the 4-min asphyctic animals, and in the hypothalamus (nucleus ventromedialis) at 3 and 4 min ( Table 2) . TH was decreased in all asphyctic groups in the cerebellum and the in hypothalamus at 4 min of PA, whereas it was significantly increased in the striatum in the 3-min asphyctic group and in 
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the parietal cortex of all asphyctic guinea pigs ( Table 2 , and a representative staining pattern is demonstrated in Fig. 3 ). EAAC1 presented with decreased immunoreactivity in the cerebellum, hippocampal area CA1, and the striatum after 4 min of PA (Table 2) . vAChT was significantly increased in all asphyctic groups in the hippocampus, the striatum, and the parietal cortex and showed a decrease in the 3-and 4-min asphyctic groups in the cerebellum and the hypothalamus (Table 2) .
DISCUSSION
Neurodegeneration with neuronal death, glial proliferation, and neurotransmitter changes has been shown to occur in various animal models of PA (8 -10, 17, 35-37) . We now provide the first evidence for neurodegeneration in an animal model of PA 3 mo after delivery. FJ staining is a method correlating with silver staining protocols and reflecting neurodegeneration, including atrophy of dendritic spines and deficient arborization (7) . FJ staining recognizes neurodegeneration in several pathologic processes including methamphetamine exposure or organotypic brain slice cultures treated with trimethyltin compounds, kainic acid, domoic acid, 3-nitropropionic acid, and 1-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (7, 38, 39) . By applying this method we clearly revealed neurodegenerative changes in several brain regions of asphyctic guinea pigs. We found degenerating FJ-positive neurons in the cerebellum, CA1, and the hypothalamus, although Nissl staining revealed neuronal loss in the hypothalamus and the cerebellum but not in CA1. Increased GFAP staining in the cerebellum and in the hippocampus paralleled the findings of FJ-positive degenerating neurons.
Neuroblastoma cells that morphologically present with variable degrees of differentiation, including neuritic expanding processes and sinus formation with distant cells, showed NSP-C-dependent differentiation. Hens and coworkers (40) recently showed that highly differentiated neuronal cell lines expressed NSP-C to a higher extent than cell lines showing less neuronal differentiation. Moreover, induction of neuronal differentiation in undifferentiated pheochromocytoma PC12 cells induced a strong increase in NSP-C expression. Significant reduction of NSP-C was a prominent finding in the hypothalamus and the striatum, and we present the novel finding that differentiation is impaired in PA. We believe from this observation that different brain regions show different susceptibilities to the development of neurodegeneration, neuronal loss, and differentiation.
Evaluation of the neurotransmitter systems confirmed this statement. The monoaminergic system as represented by vMAT, DBH, and TH was not affected in all regions studied but at least one of the three monoaminergic markers was deranged in at least one area, suggesting that all three markers would have to be applied in all studies on this neurotransmitter system. Also deterioration of the monoaminergic system was not regularly accompanied by changes in glutamatergic or cholinergic innervation.
When comparing our guinea pig data with those of the (immature) rat animal model of PA at the identical time point, we found differences in terms of affected regions and involvement of individual neurotransmitters (23), indicating speciesspecific differences. When comparing our results in the guinea pig with the human system, we found neuronal loss, gliosis, and monoaminergic and cholinergic changes in areas affected also in the asphyxiated infant (31-33), although not all areas with lesions in the human system were studied and results are not fully congruent. Furthermore, no FJ-staining data, now an accepted standard assay for neurodegeneration, are available in the asphyxiated infant and no differentiation markers were studied in humans with PA. Also information about the glutamatergic system in human PA is virtually missing. We therefore propose that the model of PA in the guinea pig resembles human PA in several aspects and thus warrant studies on NSP-C and FJ in the human brain with PA.
Differences in pathologic mechanisms and neuropathology among mammalian species may be explained by individual susceptibility of species to hypoxia-ischemia, which in turn is known to depend on metabolism, basal metabolic rate, oxygen consumption, and different mechanisms to cope with hypoxiaischemia including hypoxia-inducible factors. We are aware of the inherent problem of comparing rats, humans, and guinea pigs in terms of metabolism, susceptibility to hypoxia, and so forth, but we must point out the importance of the state of maturity or immaturity-although our findings clearly discriminate between consequences of PA in the rat and those in the guinea pig. Rats in our model of PA survive 20 min of hypoxia, whereas the guinea pig only tolerates 4 min of the hypoxic state (25, 26) . The guinea pig is a developmentally mature animal, able to follow the pack shortly after delivery, whereas rats and humans are less mature or even poorly developed at birth. It has already been proposed that the mature brain is more susceptible to hypoxic-ischemic brain damage (41) , and the higher susceptibility of the mature animal may not only be reflected by metabolic function but also by the different capabilities of the immature mechanism to performing repair pro- Immunostaining of TH in cortex as an example of nerve fiber evaluation. Cerebral cortex showing the molecular layer after TH immunostaining. The lower part of the image provides an example of how immunoreactive fibers were counted for morphometric analysis; each arrow points out a fiber included for fiber density evaluation as given in Table 2 . Magnification, ϫ400.
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NEURODEGENERATION IN PERINATAL ASPHYXIA cesses and, moreover, to possess an increased potential for proliferation of neurons.
CONCLUSIONS
We show that the guinea pig develops neurodegeneration after PA as revealed by FJ staining, and presents with neuronal loss, glial proliferation, and dedifferentiation. The nature of the neuronal loss, including impaired monoaminergic, glutamatergic, and cholinergic innervation, is presented and discussed as being different from that of the rat with PA. Our work is relevant because it reflects a simple animal model of PA resembling intrauterine perinatal asphyxia without ligation of brain vessels, use of chemical hypoxia, mechanical ventilation and so forth, leading to neurodegeneration as seen in the human system evaluated by classical neuropathologic criteria, although not all affected brain regions were comparable between guinea pig and human. Although neurodegeneration is unequivocally shown in the guinea pig model, direct implications for the human neonate cannot be absolutely extrapolated. Studies on additional regions as well as different time points are necessary as are studies on neurodegeneration using FJ, NSP-C, and other stains in the human brain with PA to enable further comparison between the guinea pig model and the asphyxiated child.
